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Template-switching events during reverse transcription are necessary for completion of retroviral replica-
tion and recombination. Structural determinants of human immunodeficiency virus type 1 (HIV-1) reverse
transcriptase (RT) that influence its template-switching frequency are not known. To identify determinants of
HIV-1 RT that affect the frequency of template switching, we developed an in vivo assay in which RT
template-switching events during viral replication resulted in functional reconstitution of the green fluorescent
protein gene. A survey of single amino acid substitutions near the polymerase active site or deoxynucleoside
triphosphate-binding site of HIV-1 RT indicated that several substitutions increased the rate of RT template
switching. Several mutations associated with resistance to antiviral nucleoside analogs (K65R, L74V, E89G,
Q151N, and M184I) dramatically increased RT template-switching frequencies by two- to sixfold in a single
replication cycle. In contrast, substitutions in the RNase H domain (H539N, D549N) decreased the frequency
of RT template switching by twofold. Depletion of intracellular nucleotide pools by hydroxyurea treatment of
cells used as targets for infection resulted in a 1.8-fold increase in the frequency of RT template switching.
These results indicate that the dynamic steady state between polymerase and RNase H activities is an
important determinant of HIV-1 RT template switching and establish that HIV-1 recombination occurs by the
previously described dynamic copy choice mechanism. These results also indicate that mutations conferring
resistance to antiviral drugs can increase the frequency of RT template switching and may influence the rate
of retroviral recombination and viral evolution.

One of the most important mechanisms contributing to ge-
netic variation and evolution of retroviral populations is re-
combination during viral replication (9, 74). As a result of
recombination and selection pressure, a significant proportion
of circulating human immunodeficiency virus type 1 (HIV-1)
strains are recombinants (25, 42, 53, 61, 63, 68). It was shown
that recombination leads to the rapid emergence of viruses
that are resistant to multiple antiviral drugs, ensuring their
continued propagation (21, 35, 45, 81). The HIV-1 recombi-
nation rate has been shown to be significantly higher than that
of gammaretroviruses (30, 60, 84). In a single replication cycle,
the HIV-1 recombination rate was reported to be 10-fold
higher than that of spleen necrosis virus and murine leukemia
virus (MLV) (4, 26, 30). The reasons for this difference in the
rates of recombination are not well defined. Recombination
occurs during reverse transcription as a result of reverse tran-
scriptase (RT) switching templates between copackaged RNA
molecules during viral DNA synthesis (26). Therefore, the
frequency with which viral RNAs from different proviruses are
copackaged as well as the template-switching properties of RT
could influence the rate of recombination.

It is not known whether viral RNAs derived from two dif-
ferent proviruses are copackaged randomly or whether RNAs
derived from the same provirus are preferentially copackaged.
It was previously observed that during spleen necrosis virus

replication, multiple crossover events occur much more fre-
quently than predicted by the frequency of single crossover
events (5, 27). This phenomenon is genetically defined as high
negative interference, for which two possible mechanisms were
proposed (24). First, it was postulated that a subset of virions
is capable of carrying out template switching between copack-
aged RNA molecules and that multiple template-switching
events occur during their replication. Second, it was postulated
that viral RNAs derived from different proviruses are not co-
packaged randomly; thus, the frequency of heterozygote for-
mation may be less than expected and defines the subpopula-
tion of virions that undergo recombination. In transient
transfection assays, it was shown that RNAs derived from dif-
ferent HIV-1 vectors could copackage randomly (51). These
results suggest that differences in the ability of HIV-1 and
MLV to copackage RNAs randomly could account for the
observed differences in recombination rates (51).

Another possible explanation for the difference in the rate of
recombination between HIV-1 and MLV is that they undergo
template switching at different rates or by different mecha-
nisms. Recently, it was shown that the direct-repeat deletion
frequency for a portion of the bacterial �-galactosidase gene
(lacZ) is similar for HIV-1 and MLV in single replication cycle
assays (1, 51). These results suggest that the template-switch-
ing rates for MLV and HIV-1 RT are similar; however, it is
unclear whether these results can be generalized to other tem-
plate sequences. It is conceivable that templates with different
RNA secondary structures might lead to different template-
switching frequencies during MLV and HIV-1 replication.

To date, the mechanism of HIV-1 RT template switching
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has not been fully elucidated. Several in vitro studies using
purified nucleic acids and proteins have provided important
insights into the process of RT template switching and the
components of the reverse transcription complex that influ-
ence its frequency (3, 6, 12–15, 48–50, 62, 64). Another ap-
proach to studying the mechanism of template switching is in
vivo direct-repeat deletion assays, which analyze template-
switching events in directly repeated sequences derived from a
reporter gene; a template switch within the repeats results in
functional reconstitution of the reporter gene (1, 11, 29, 41, 56,
73). Based on results obtained using MLV vectors and direct-
repeat deletion assays, we have proposed a mechanism that is
referred to as dynamic copy choice (73). The dynamic copy
choice model states that a steady state between the rate of
DNA polymerization and the rate of RNA template degrada-
tion 3� to the RT is an important determinant of RT template
switching (Fig. 1). Experimental manipulations that influenced
the steady state between DNA synthesis and RNA degradation
altered the rate of template switching and supported the dy-
namic copy choice model in the MLV system. These experi-
mental manipulations included mutations in the polymerase
and RNase H domains of MLV RT, depletion of intracellular
nucleotide pools (29, 73), introduction of secondary structures
within the template RNA, and mutations in the MLV nucleo-
capsid protein that reduced its ability to melt RNA secondary
structure and enhance the rate of DNA synthesis (83). Al-
though these studies provide strong evidence in support of the
dynamic copy choice mechanism for MLV RT template switch-
ing, it is unclear whether template switching occurs by this
mechanism during replication of HIV-1 or other retroviruses.
In addition, structural determinants of HIV-1 RT that influ-

ence the frequency of template switching have not been iden-
tified.

We have now developed an HIV-1-based in vivo direct-
repeat deletion assay to elucidate the mechanism of HIV-1 RT
template switching and to identify structural determinants of
HIV-1 RT that influence template switching. The results indi-
cate that HIV-1 RT template switching occurs by the dynamic
copy choice mechanism and that mutations in the HIV-1 RT
polymerase active site that confer resistance to antiretroviral
agents can significantly alter the frequency of RT template
switching.

MATERIALS AND METHODS

Plasmids and cells. All plasmid names are preceded by “p.” pKD-HIV-GFFP-
IHy is a derivative of pHR�-CMVlacZ (47) in which lacZ was replaced by the
overlapping GF and FP fragments of the green fluorescent protein gene (GFP)
from pES-GFFP (73). This vector also contains the hygromycin phosphotrans-
ferase B gene (hygro) expressed from an internal ribosomal entry site (IRES) of
encephalomyocarditis virus from plasmid pLW1 (32). pCMV�R8.2 expresses all
HIV-1 proteins, except envelope, under the control of the human cytomegalo-
virus (hCMV) immediate early promoter and lacks the packaging signal (�) and
adjacent sequences (46). pHCMV-G (80) and pCB6 WTA�513 (38) encode the
G glycoprotein of vesicular stomatitis virus (VSV-G) and the envelope of avian
sarcoma-leukosis virus (ASLV-A) truncated beyond the membrane-spanning
region at residue 513, respectively.

pES-HIVApa-Sal is a derivative of pBluescript II SK (70) that has an insertion
of the ApaI-SalI fragment from pCMV�R8.2 containing the HIV-1 pol gene.
This plasmid was used for the generation of RT mutations, which were intro-
duced by using a Quick Change mutagenesis kit (Stratagene). Most of the
oligonucleotide primers were designed to introduce additional silent mutations
and generate new restriction sites for identification of mutated plasmids by
restriction digestion analysis. A detailed description of the mutagenic oligonu-
cleotides and the strategies to generate individual mutants is available upon
request. The fragments containing RT mutations were subcloned from pES-
HIVApa-Sal into pCMV�R8.2, and the presence of desired mutations as well as
the absence of undesired mutations were verified by DNA sequencing (Labora-
tory of Molecular Technology, Science Applications International Corporation-
Frederick).

The human embryonal kidney cell line 293T was obtained from the American
Type Culture Collection. The 293-TVA cell line, which expresses the receptor for
ASLV-A, was a kind gift from Brian Lewis (38). The 293T-based cell line
GN-HIV-GFFP, which contains an HIV-1 provirus derived from the vector
pKD-HIV-GFFP-IHy, was created as follows: briefly, 293T cells were cotrans-
fected with vector pKD-HIV-GFFP-IHy, helper construct pCMV�R8.2, and
envelope construct pHCMV-G; the resulting pseudotyped virus was used to
infect 293T cells. After hygromycin selection, several nonfluorescent cell clones
were isolated, expanded, and characterized by Southern analysis and infection
assays. A cell clone containing one full-length provirus and producing the best
virus titer was used as a producer cell line.

Cell culture, transfection, and infection. Human 293T and 293-TVA cells were
maintained at 37°C in Dulbecco’s modified Eagle’s medium supplemented with
penicillin (50 U/ml; Gibco), streptomycin (50 �g/ml; Gibco), and fetal calf serum
(10%; HyClone Laboratories). Hygromycin (Sigma) was used at a final concen-
tration of 270 �g/ml.

All transfections of GN-HIV-GFFP cells were performed by calcium phos-
phate precipitation (MBS transfection kit; Stratagene). Cells were plated at a
density of 2 � 106 per 100-mm-diameter dish and transfected with 20 �g of total
plasmid DNA consisting of equivalent molar quantities of pHCMV-G and
pCMV�R8.2 (or variants containing mutated RT); after calcium phosphate
exposure for 3 to 5 h, the culture medium was replaced. Virus-containing super-
natants were harvested 24 to 48 h later and filtered through Millex-GS 0.45-�m-
pore-size filters (Millipore). The amount of p24 capsid (CA) protein in the
supernatants was determined using an HIV-1 p24 enzyme-linked immunosor-
bent assay (ELISA) kit (Perkin Elmer Life Sciences). Serial dilutions of virus-
containing media were used to infect 293T target cells that were plated at a
density of 1 � 105 cells per 60-mm-diameter dish the day before infection. The
infected cells were subjected to hygromycin selection 24 h after infection, and
hygromycin-resistant colonies were quantified to determine viral titers.

Determination of RT template switching in vivo. Approximately 500 to 2,000
hygromycin-resistant colonies were pooled and expanded. Subsequently, the cells

FIG. 1. Dynamic copy choice model for RT template switching.
Shaded boxes represent homologous sequences in two copackaged
RNAs or in the same RNA. Horizontal arrows represent nascent
DNA. The thickness of these arrows indicates the relative polymeriza-
tion rate. When mutations are expected to reduce the rate of DNA
synthesis (slow polymerase), the horizontal arrows are thinner relative
to the wild-type RT (WT). Small boxes represent RNA degraded by
the RNase H domain. When mutations are expected to reduce the rate
of RNase H degradation (slow RNase H), the degraded RNA frag-
ments are shown as larger boxes. Hydrogen bonds between the RNA
template and nascent DNA are designated by vertical lines. Vertical
arrows of various thicknesses indicate the relative efficiency of tem-
plate switching.
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were harvested and resuspended in 0.5 to 2 ml of phosphate-buffered saline
supplemented with 1% fetal calf serum and analyzed by flow cytometry to
determine the percentage of GFP-expressing cells (FACScan; Becton Dickin-
son).

Virus preparation and RT assay. To isolate and concentrate viruses, virus-
containing medium was collected and centrifuged at 25,000 rpm for 90 min in an
SW 28 rotor (Beckman) at 4°C. The virus pellet was resuspended in phosphate-
buffered saline and stored at �80°C. The concentrated virus was thawed on ice,
and RT activities were determined by modification of a previously described
method (22). The reaction mixtures contained 100 mM Tris-HCl (pH 8.0), 100
mM KCl, 5 mM MgCl2, 10 mM dithiothreitol, 0.4% Igepal CA-630, 40 U of
RNase inhibitor, 50 �M dTTP, 50 �g of 20-mer oligo(dT)/ml, 100 �g of
poly(rA)/ml, 10 mCi of [3H]dTTP (specific activity, 72 Ci/mmol; ICN), and
concentrated virus (100 to 200 ng of p24 CA equivalent) in a total volume of 60
�l. The reactions were carried out at 37°C for 1 h and were terminated by the
addition of ice-cold 10% trichloroacetic acid. The reaction mixtures were pre-
cipitated and filtered through 0.45-�m-pore-size Metricel membranes (Gelman
Sciences, Inc.), and the incorporated [3H]dTTP was determined using a scintil-
lation counter.

Statistical analysis. The statistical significance of differences in template-
switching frequencies and RT activities between mutant and wild-type HIV-1
RTs were calculated by using a two-sample t test (SigmaPlot 8.0 software).
Linear regression analysis of RT template-switching frequencies and viral titers
or forward mutation frequencies was performed using SigmaPlot 8.0 software.
The significance of the negative correlation was determined by using a t test,
where t 	 r
[(n � 2)/(1 � r2)], and n is the number of data pairs.

RESULTS

HIV-1 direct-repeat deletion assay. We have developed an
in vivo direct-repeat deletion assay for HIV-1 RT template
switching based on a previously described assay for MLV RT
(73). In this assay, we used directly repeated overlapping frag-
ments of GFP for identification of template-switching events
that lead to functional reconstitution of GFP during one round
of replication. We first constructed pKD-HIV-GFFP-IHy, an
HIV-1-based retroviral vector shown in Fig. 2A, which con-
tains all cis-acting elements required for HIV-1 reverse tran-
scription, integration, and packaging. The selectable marker
hygro is expressed from the vector with an encephalomyocar-
ditis virus-derived IRES. The vector also contains the overlap-
ping GF and FP fragments of GFP; the directly repeated F
portion (250 bp in length) is separated by a 25-bp linker se-

FIG. 2. Schematic representation of HIV-1-based constructs and
direct-repeat deletion assay for identification of structural determi-
nants of HIV-1 RT that influence template switching. (A) Structures of
HIV-1-based vectors pKD-HIV-GFFP-IHy, pCMV�R8.2, and pH-
CMV-G. pKD-HIV-GFFP-IHy contains long terminal repeats (LTR)
and all cis-acting elements of HIV-1. GFFP and hygro are transcribed
from the LTR promoter or the hCMV promoter (hatched box). An
IRES of encephalomyocarditis virus is used to express hygro. The
directly repeated F portion of GFP is shaded. During reverse tran-
scription, the repeated F portion may be deleted to reconstitute a
functional GFP. The Rev-responsive element (RRE) and packaging
signal (�) are shown. The pCMV�R8.2 helper construct (46) ex-
presses all HIV-1 proteins except the envelope from the hCMV pro-
moter (hatched box). The coding regions of viral proteins and a poly-
adenylation site [stippled box labeled poly(A)] from the insulin gene at
the end of the nef reading frame are shown. The packaging signal and
adjacent sequences, except the 5� splice donor, were deleted from the
5� untranslated region. The pHCMV-G construct expresses VSV-G
from the hCMV promoter. (B) Experimental protocol. GN-HIV-

TABLE 1. Comparison of direct-repeat deletion frequencies for
VSV-G- and ASLV-A-pseudotyped HIV-GFFP viruses

Envelope Deletion frequency
(mean % � SE)a

Virus titer (mean CFU/25 pg of
p24 � SE)b

VSV-G 17.6 � 0.8 10.6 � 0.9
ASLV-A 17.8 � 0.2 2.5 � 0.2

a Deletion frequency was determined for two independent experiments as the
percentage of infected 293T target cells that exhibited fluorescence after hygro-
mycin selection. SEs were determined by SigmaPlot 8.0 software.

b Virus titer was determined as the number of CFU adjusted to p24 CA
concentration as determined by ELISA. The average p24 CA production was
38.5 � 1.5 ng/ml.

GFFP, a 293T-based cell line expressing pKD-HIV-GFFP, is shown.
The wild type or mutated pCMV�R8.2 constructs were separately
cotransfected with pHCMV-G into GN-HIV-GFFP cells, and the virus
produced was used to infect 293T cells. The infected cell clones resis-
tant to hygromycin were analyzed by flow cytometry to determine
frequencies of direct-repeat deletion and GFP reconstitution. FACS,
fluorescence-activated cell sorter.
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quence. The vector does not express a functional GFP protein;
however, a homologous template switch within the directly
repeated F portion during reverse transcription results in the
reconstitution of a functional GFP.

Next, we created a cell line (GN-HIV-GFFP) containing a
single provirus derived from the vector pKD-HIV-GFFP-IHy
(shown in Fig. 2B). First, 293T cells were transfected with
vector pKD-HIV-GFFP-Ihy, helper construct pCMV�R8.2,
and VSV-G expression construct pHCMV-G, and the resulting
virus was used to infect fresh 293T cells. After hygromycin
selection, several nonfluorescent cell clones were isolated and
expanded. The absence of GFP expression was verified by flow
cytometry analysis (data not shown). To identify a cell clone
that exhibited a high virus titer, the cell clones were transfected
with pCMV�R8.2 and pHCMV-G, and the virus produced was

used to infect 293T cells. A cell clone that exhibited the highest
titer (�104 CFU/ml) and contained only one full-length pro-
virus (confirmed by Southern blot analysis; data not shown)
was named GN-HIV-GFFP and used in all subsequent exper-
iments. Flow cytometry analysis of pools of infected hygromy-
cin-resistant cells exhibited the presence of a high proportion
of fluorescent cells, indicating functional reconstitution of GFP
during one retroviral replication cycle.

The protocol used to identify protein determinants impor-
tant for HIV-1 RT template switching during reverse transcrip-
tion is outlined in Fig. 2B. First, pCMV�R8.2-derived con-
structs containing mutations in HIV-1 RT were transiently
cotransfected with pHCMV-G into GN-HIV-GFFP cells. Vi-
rus produced from the transfected cells was then used to infect
293T target cells. The infected 293T cells were selected for

FIG. 3. HIV-1 RT mutations and their effects on RT template switching and viral titer. (A) Schematic representation of interactions between
RT and its dNTP substrate in the polymerase active site and dNTP-binding site (modified from reference 28). Only the amino acids analyzed in
this study are shown. (B) Direct-repeat deletion and GFP reconstitution frequencies of the polymerase domain RT mutants. WT, wild type.
(C) Direct-repeat deletion and GFP reconstitution frequencies of the RNase H domain RT mutants. The percentage of GFP reconstitution
represents the proportion of infected 293T target cells that exhibited fluorescence after hygromycin selection. Bar graphs and error bars represent
the means and standard errors of the percentages of GFP reconstitution, respectively, for two to six independent experiments. (D) Viral titers
represent the number of CFU per 50 ng of p24 CA as determined by ELISA. The average p24 CA concentration was 37.7 � 2.8 ng/ml.
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resistance to hygromycin, and the resulting colonies were
pooled and analyzed by flow cytometry to determine the fre-
quency of direct-repeat deletion. In general, the multiplicity of
infection for the experiments analyzed by flow cytometry was

0.005; therefore, the probability of double infection was very
low. In this assay, the virus titers and frequencies of RT tem-
plate switching were examined during a single round of viral
replication.

Viruses pseudotyped with VSV-G could potentially reinfect
producer cells; possible reinfection of the producer cells would
result in multiple rounds of viral replication during the course
of the experiment. To rule out the possibility that multiple
rounds of replication occurred during viral production, we
performed a control experiment by using ASLV-A to
pseudotype HIV-GFFP virus. Because the ASLV-A receptor
was not expressed in the virus producer cells, the ASLV-A-
pseudotyped virus could not reinfect the producer cells, ensur-
ing that an only a single cycle of replication occurred during
the experiment. 293-TVA cells, which expressed the ASLV-A
receptor, were infected with HIV-GFFP virus pseudotyped
with ASLV-A and VSV-G. The infected cells were selected for
resistance to hygromycin and analyzed by flow cytometry to
determine the direct-repeat deletion frequency. The results of
the control experiment are presented in Table 1. The frequen-
cies of template switching for wild-type RT were 17.6 and
17.8% for VSV-G- and ASLV-A-pseudotyped viruses, respec-
tively, which were not statistically different (P � 0.9). The
results indicated that under the conditions used for virus pro-
duction, reinfection of the producer cells by VSV-G-
pseudotyped HIV-GFFP virus did not occur with a sufficiently
high frequency to affect the observed frequency of template
switching.

Effects of mutations in the HIV-1 RT polymerase domain on
the frequency of template switching. HIV-1 RT is a multifunc-
tional enzyme that exhibits RNA- and DNA-dependent DNA
polymerase as well as RNase H activities. Several substitution
mutations in HIV-1 RT are associated with resistance to anti-
retroviral nucleoside analogs. To determine whether mutations
associated with resistance to antiretroviral drugs influence the
frequency of RT template switching, we introduced a number
of mutations in HIV-1 RT and analyzed their effect on the rate
of template switching during one cycle of replication.

The first group of mutations in RT (outlined in Fig. 3A)
targeted the polymerase domain and introduced substitutions
in the deoxynucleoside triphosphate (dNTP)-binding site res-
idues or residues adjacent to them. Amino acid K65, which
donates hydrogen bonds to the �-phosphate of the incoming
dNTP substrate (28), was mutated to arginine because the
K65R substitution is associated with resistance to 2�,3�-
dideoxyinosine (ddI) (79), abacavir (44, 75), 2�,3�-dideoxy-3�-
thiacytidine (3TC) (55), tenofovir (76), and 2�,3�-didehydro-3�-
deoxythymidine (d4T) (19). The effect of the K65R
substitution on RT template switching was determined in a
single cycle of replication. The results indicated that the K65R
substitution increased the frequency of GFP reconstitution
nearly threefold (37.8 versus 13.5%; P 
 0.0001).

Amino acid residue Q151 of HIV-1 RT participates in stack-
ing interactions with the base as well as other interactions with
the 3� OH of the deoxyribose sugar of the incoming dNTP
substrate (28, 78). The Q151M substitution is associated with

resistance to several nucleoside analogs, including ddI, 3�-
azido-3�-deoxythymidine (AZT), and d4T (54, 66, 69). In ad-
dition, the Q151N substitution is associated with resistance to
AZT, 2�,3�-dideoxycytidine, and other dideoxynucleosides (34,
78). Therefore, we generated RT mutants Q151M and Q151N
and determined the effects of these mutations on template
switching. The results showed that the Q151M substitution did
not affect the template-switching frequency (P � 0.4). In con-
trast, the Q151N mutation increased the template-switching
frequency to 81.1% relative to wild-type RT (13.5%; P 

0.0001).

Amino acids Y115 and F116 (data not shown) form the
binding pocket for the 3� OH of the dNTP substrate (28). The
Y115F substitution occurs predominantly in patients treated
with abacavir (44). In addition, the F116Y substitution arises in
association with the Q151M substitution and is associated with
a high level of resistance to several nucleoside RT inhibitors
(NRTI) (43, 52). We generated RT mutants Y115F, F116Y,
and F116W and determined the effects of these mutations on
RT template switching. Mutations Y115F and F116Y in-
creased the template-switching frequency to 19 and 21%, re-
spectively, indicating a small but statistically significant in-
crease (P 
 0.05). In contrast, the F116W mutation did not
reveal a significant difference in the template-switching fre-
quency relative to wild-type RT (15.0 versus 13.5%; P � 0.1).

Amino acid residue M184 lies in the vicinity of the primer
terminus, near the incoming dNTP substrate, and belongs to
the highly conserved YXDD motif, which is found in all RTs;
amino acids D185 and D186 of this motif, along with D110,
form a catalytic triad (28). The M184I mutation appears tran-
siently in response to 3TC treatment and is replaced with the
M184V substitution, which is associated with a high level of
resistance to 3TC (18, 36, 65). The RT mutations M184I and
M184V increased the frequency of GFP reconstitution to
26.6% (P 
 0.0001) and 17.8% (P 
 0.002), respectively.

We also analyzed the effects of substitution mutations at the
L74 and E89 positions, both of which directly contact the
template strand. Amino acid substitution at position L74 could
also potentially influence dNTP binding through interactions
with the side chains of R72 and Q151 (28). The L74V substi-
tution is associated with resistance to ddI and abacavir (44, 66,
79). E89 interacts with the template strand two to three nucle-
otides downstream of the polymerization site (28). The E89G
substitution is associated with resistance to AZT, foscarnet,
and several other nonnucleoside RT inhibitors in cell culture
(37). The results of RT template-switching analysis indicated
that the L74V and E89G substitution mutations increased the
frequency of GFP reconstitution to 23.4% (P 
 0.0001) and
41.7% (P 
 0.0001), respectively; thus, the L74V and E89G
mutations increased the frequency of template switching by
1.7- and 3.1-fold, respectively, relative to that for wild-type RT.

We compared the effects of mutations in the polymerase
domain of HIV-1 RT on viral titers in a single cycle of repli-
cation (Fig. 3D). Interestingly, we observed an inverse corre-
lation between RT template-switching frequencies and viral
titers; for example, the K65R, E89G, and Q151N mutants,
which demonstrated the highest increases in template-switch-
ing frequencies (Fig. 3B), exhibited the lowest viral titers,
which were 12.8, 8, and 1.4% of the wild-type viral titer, re-
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spectively. This inverse correlation is presented in more detail
later in Fig. 5A and in Discussion.

Effects of mutations in the HIV-1 RNase H domain on the
frequency of template switching. Based on results obtained in
the MLV system, we hypothesized that mutations in the RNase
H domain would reduce the frequency of RT template switch-
ing (73). Eight amino acid residues are conserved in all known
bacterial and retroviral RNase H enzymes (D443, G444, E478,
D498, S499, H539, Q545, and D549); four acidic residues play
an important role in forming two metal-binding sites (D443,
E478, D498, and D549) (10). We generated five RNase H
substitution mutants: D443N, E478Q, D498N, H539N, and
D549N. The first three mutants exhibited viral titers that were
reduced by at least 1,000-fold; as a result, their effect on RT
template switching could not be determined. Mutations
H539N and D549N permitted viral replication and had suffi-
ciently high viral titers for determination of the template-
switching frequency (Fig. 3C and D). The RNase H mutations
H539N and D549N decreased the frequency of GFP reconsti-
tution by approximately twofold in comparison to that for
wild-type HIV-1 RT (6.8 and 7.6%, respectively; P 
 0.0001).
The viral titers for the H539N and D549N mutants were 4 and
40%, respectively, relative to the wild-type viral titer.

RT activities of mutant HIV-1 RTs. Viruses containing ei-
ther wild-type or mutant RT were concentrated by ultracen-
trifugation and analyzed for RT activity by using poly(rA) as a
template for reverse transcription (Table 2). The amounts of
CA protein present in viral preparations were quantified using
ELISA, and RT activities were determined in equivalent
amounts of viral proteins. One set of HIV-1 RT mutants ex-
hibited RT activities that ranged from 72 to 164% relative to
wild-type HIV-1 RT and were not statistically different from
the wild-type RT activity (P � 0.05); on the other hand, the RT
activities for mutants M184I, M184V, D443N, D498N, H539N,
and D549N (P 
 0.05) ranged from 50 to 79% of the wild-type

RT activity. No correlations were found between RT activities
and viral titers or RT template-switching frequencies.

Effect of HU treatment on the frequency of template switch-
ing. It has been shown that hydroxyurea (HU) treatment of
infected cells resulted in a depletion of intracellular nucleotide
pools and a significant reduction in the rate of reverse tran-
scription (33). Based on the predictions of the dynamic copy
choice mechanism of RT template switching, we hypothesized
that treatment of target cells with HU would result in an
increase in the frequency of RT template switching. To test this
hypothesis, 293T target cells were infected with virus contain-
ing wild-type HIV-1 RT in the absence or presence of 0.2 mM
HU as previously described (2, 73). Briefly, 293T cells were
placed on culture medium containing 0.2 mM HU 4 h prior to
infection, 4 h during infection, and 24 h postinfection. The
frequency of direct-repeat deletion and GFP reconstitution in
HU-treated target cells was determined. The results are shown
in Fig. 4. In the presence of HU, the frequency of GFP recon-
stitution was increased by 2.3-fold for wild-type HIV-1 RT (P

 0.005), which was in agreement with previously published
results for wild-type MLV RT (57, 73). HU treatment resulted
in a twofold reduction in viral titers relative to untreated con-
trols (data not shown). All template-switching experiments
with MLV RT were performed using D17 target cells; to ex-
clude any possible influence of the nature of the target cells
and their response to HU treatment, we also performed infec-
tions with HIV-1 using D17 target cells. Similar to the previ-
ously obtained results for MLV RT (73), we observed a 1.8-
fold increase (P 
 0.005) in HIV-1 RT template switching
when D17 target cells were treated with 1 mM HU (data not
shown). These results indicated that slowing down the rate of
HIV-1 reverse transcription increases the frequency of tem-
plate switching and that MLV and HIV-1 RTs respond simi-
larly to depletion of intracellular nucleotide pools by HU treat-
ment.

FIG. 4. Effects of HU treatment on the frequency of direct-repeat
deletion and GFP reconstitution. Black bar graphs and error bars
represent the means and standard errors of the frequency of direct-
repeat deletion, respectively, for wild-type (WT) HIV-1 RT or mutant
RTs for two to six independent experiments; white bar graphs and
error bars represent the means and standard errors of the frequency of
direct-repeat deletion observed for the same HIV-1 RTs in the pres-
ence of 0.2 mM HU.

TABLE 2. RT activity for virion-associated HIV-1 RTs

HIV-1 RT RT activity
(mean% � SE)a

Wild type................................................................................. 100 � 8
K65R ....................................................................................... 90 � 11
L74V........................................................................................ 72 � 10
E89G ....................................................................................... 140 � 19
Y115F...................................................................................... 143 � 24
F116Y...................................................................................... 164 � 30
Q151N ..................................................................................... 132 � 12
M184Ib..................................................................................... 47 � 6
M184Vb ................................................................................... 79 � 2
D443Nb.................................................................................... 54 � 5
E478Q ..................................................................................... 127 � 19
D498Nb.................................................................................... 50 � 8
H539Nb.................................................................................... 52 � 7
D549Nb.................................................................................... 56 � 8

a Virion-associated RT activities were determined from three independent
experiments. RT activities shown are relative to the wild-type HIV-1 RT activity
(set to 100%). The amounts of p24 CA were determined by ELISA, and equiv-
alent amounts of viral proteins were used to determine the RT activities. SEs
were determined by SigmaPlot 8.0 software.

b RT activities obtained for these mutant RTs were significantly different from
the wild-type HIV-1 RT activity (P 
 0.05). The RT activities for the remaining
mutants were not significantly different from the wild-type RT activity (P � 0.5).
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The frequency of GFP reconstitution for the M184I, K65R,
and L74V mutants in the presence of HU increased 2- to
2.8-fold, indicating that HU treatment could further increase
the frequency of direct-repeat deletion for mutants that exhib-
ited a higher deletion frequency in the absence of HU (P 

0.01). In contrast, HU treatment of the target cells and subse-
quent infection with RNase H mutants D549N and H539N did
not affect template switching relative to the untreated control
(P � 0.21) (Fig. 4).

DISCUSSION

The results of these studies show that mutations in the
HIV-1 RT polymerase domain that are associated with anti-
retroviral drug resistance increase the frequency of template
switching. The results also indicated that mutations in the
RNase H domain decrease the frequency of RT template
switching and that depletion of intracellular dNTP pools with
HU treatment increases the frequency of RT template switch-
ing. These observations extend our previous studies with the
MLV system and support the view that a steady state between
the rates of DNA synthesis and RNA template degradation is
an important determinant of HIV-1 RT template switching.
Thus, the results indicate that the dynamic copy choice mech-
anism of RT template switching is likely to be responsible for
recombination in both lentiviruses and gammaretroviruses.

A comparison of the HIV-1 structural determinants that
influence RT template switching identified in this study to
those previously identified for MLV RT has revealed interest-
ing similarities and differences. Mutations at the M184 and
Y115 positions affected RT template switching in a manner
that was similar to the effects observed for the equivalent V223
and F155 positions, respectively, in MLV RT (73). In contrast,
the F116W substitution had no effect on RT template switch-
ing relative to the 4.8-fold increase in template switching ob-
served for the equivalent F156W substitution mutation in
MLV RT. Similarly, the Q151M mutation in HIV-1 RT had no
effect on RT template switching, whereas the equivalent
Q190M substitution increased the MLV RT template-switch-
ing frequency by 1.8-fold. The reasons for these differences
between substitutions in HIV-1 and MLV RTs are not known
but likely reflect subtle structural differences in the dNTP-
binding site and the effects of the substitutions on the kinetics
and/or affinity of substrate dNTP binding.

The observation that substitution mutations of residues in-
volved in dNTP binding as well as the dNTP pool depletion

FIG. 5. Linear regression analysis of template-switching frequen-
cies, viral titers, and reverse transcription fidelity of HIV-1 RT poly-
merase domain mutants. The relative template-switching frequencies
were correlated with relative viral titers (A) or mutation frequencies
during reverse transcription in vitro (B) and in vivo (C). The correla-
tion coefficients (r) were determined by using SigmaPlot 8.0 software.

The relative template switching represents a ratio of the template-
switching frequency of mutant HIV-1 RT obtained in each experiment
divided by the template-switching frequency obtained for the wild-type
HIV-1 RT. The relative viral titers represent ratios of the viral titer of
mutant HIV-1 RT obtained in each experiment divided by the viral
titer of wild-type HIV-1 RT in a parallel experiment. The average viral
titer obtained with wild-type HIV-1 RT was 1.7 � 104 CFU/50 ng of
p24 CA. The n-fold decrease in mutation frequency represents an
average change in mutation frequency for mutants obtained in in vitro
or in vivo forward mutation assays using the lacZ alphapeptide re-
porter gene (8, 16, 17, 31, 39, 40, 59, 67, 77; reviewed in reference 72).
The following symbols for RT genotypes were used: �, wild type; F,
Q151N; E, Q151M; ■ , M184I; �, M184V; Œ, F116Y; ‚, F116W; �,
Y115F; ƒ, L74V; �, K65R; �, E89G.
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result in an increase in RT template switching indicates that
the binding of dNTP substrate to RT is an important determi-
nant of RT template switching. The interaction of RT with the
incoming dNTP and proper base paring between the incoming
dNTP and template nucleotide are likely to be important for
ternary complex formation and the rate of DNA polymeriza-
tion. Our results imply a direct relationship between the effects
of dNTP-binding site mutations on reducing the affinity of
substrate dNTP binding and an increase in RT template
switching. The K65R and Q151N substitutions reduce the af-
finity of dNTP binding (20, 34, 77), while the Y115F substitu-
tion had little effect on dNTP binding (23). The reduced af-
finity for the incoming dNTP to RT would likely influence the
rate of nucleotide incorporation or pyrophosphorolysis. This
view is supported by previous observations that the K65R sub-
stitution also exhibited a selective 10-fold decrease in binding
to ddCTP and ddATP, a moderate decrease in pyrophospho-
rolysis (71), and decreased processivity at limiting substrate
concentrations in vitro (67). Similarly, the Q151N substitution
diminished interactions with the 3� OH of the dNTP substrate
so that base pairing between the incoming dNTP and template
nucleotide becomes the primary remaining determinant for
nucleotide incorporation (78). Substitution of Q151 with as-
paragine diminished binding to both correct and incorrect
dNTPs by up to 120-fold, resulting in greatly reduced proces-
sivity and efficiency of nucleotide incorporation (77).

Our observation that the K65R and Q151N substitutions
substantially increased RT template-switching frequency while
the Y115F substitution had a moderate effect on template
switching suggests that reducing the affinity of dNTP binding is
correlated with an increase in RT template switching.

Interestingly, we found a negative correlation between the
effects of substitutions at the HIV-1 RT polymerase active site
on RT template-switching frequency and viral titers (Fig. 5A).
For example, Q151N, E89G, and K65R mutants, which exhib-
ited the largest increases in template-switching frequencies (6-,
3.1-, and 2.7-fold, respectively), had the lowest viral titers (0.01,
0.08, and 0.12 of the wild-type titer, respectively). Linear re-
gression analysis of the data obtained here for mutations at the
polymerase active site of HIV-1 RT showed a high degree of
negative correlation between template switching and viral ti-
ters (correlation coefficient r 	 �0.967; P 
 0.001). This cor-
relation suggests that the effects of these substitution muta-
tions on the efficiency of nucleotide incorporation or
pyrophosphorolysis, which are predicted to increase RT tem-
plate switching, also result in a reduction in viral titers. Addi-
tionally, the observed correlation between titers and template-
switching frequency is supported by the effect of HU treatment
on viral titers (data not shown).

We also noted another intriguing negative correlation be-
tween RT template switching and fidelity of reverse transcrip-
tion (Fig. 5B and C). Substitution mutations that were local-
ized at the HIV-1 polymerase catalytic site and exhibited an
increase in the template-switching frequency (Q151N, K65R,
M184V, M184I, L74V, E89G, and Y115F) were previously
observed to decrease the frequency of mutations introduced in
the lacZ alphapeptide reporter gene in vitro (8, 16, 17, 31, 59,
67, 77) and in vivo (39, 40). For example, Q151N, K65R, and
M184I, which in our experiments increased the template-
switching frequency (6-, 2.7-, and 2-fold, respectively), exhib-

ited a corresponding decrease in mutation frequency in vitro
(13-, 8.1-, and 4-fold, respectively) (59, 67, 77). Linear regres-
sion analysis indicated a high degree of negative correlation
between template switching and mutation frequency in vitro
(correlation coefficient r 	 �0.8897; P 
 0.01) and in vivo (r 	
�0.8805; P 
 0.05). The explanation for the negative correla-
tion between RT template-switching frequencies and fidelity of
DNA synthesis is not known, but one hypothesis is that a
reduction in the rate of DNA synthesis results in an increase in
both the frequency of RT template switching and the accuracy
of DNA synthesis.

The results of these studies also indicate that several muta-
tions in RT that confer resistance to antiretroviral agents in-
fluence the rate of RT template switching. The Q151N substi-
tution, which is associated with resistance to several NRTIs in
vitro (34, 78), increased the frequency of RT template switch-
ing by sixfold. The K65R substitution, which confers resistance
to several NRTIs (44, 75, 82), increased the rate of RT tem-
plate switching by 2.7-fold. The M184V and M184I substitu-
tions, which confer resistance to 3TC (7, 36), increased the rate
of RT template switching by 1.3- and 2-fold, respectively. The
L74V substitution, which confers resistance to didanosine and
abacavir (44, 66, 79), increased the template-switching fre-
quency by 1.7-fold. The E89G substitution, which is associated
with resistance to ddNTPs, AZT-triphosphate and foscarnet in
vitro (58) and to AZT, foscarnet, and several nonnucleoside
RT inhibitors in cell culture (37), increased the template-
switching frequency by threefold. These results indicate that
selection of these resistance mutations during antiviral therapy
could influence the rate of retroviral recombination and evo-
lution. It is important to note that single drug resistance mu-
tations generally arise at the beginning of antiretroviral ther-
apy but most often exist in combination with other mutations
that either enhance the drug resistance or improve viral fitness.
Thus, the presence of additional mutations could either in-
crease or decrease the viral recombination rate, depending on
the effects of the additional mutations on overall viral titers
and the rate of DNA polymerization. Additional studies are
needed to assess the effects of multiple drug resistance muta-
tions on RT template switching and recombination.
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